Objective To determine the diagnostic cutoff values of ultrasonographic measurements in ulnar neuropathy at the elbow (UNE). Methods Twenty-five elbows of 23 patients (9 females, 16 males) diagnosed with UNE and 30 elbows of 30 healthy controls (15 females, 15 males) were included in our study. The ulnar nerve cross-sectional area (CSA) was measured at the Guyon canal, midforearm, and maximal swelling point (MS) around the elbow (the cubital tunnel inlet in healthy controls). CSA measurements of the ulnar nerve at each point, the Guyon canal-to-MS ulnar nerve area ratio (MS/G), and the midforearm-to-MS ulnar nerve ratio (MS/F) were calculated. Results Among the variables, only CSA at MS, MS/G, and MS/F displayed significant differences between the control and patient groups. The cutoff value for diagnosing UNE was 8.95 mm 2 for the CSA at MS (sensitivity 93.8%, specificity 88.3%), 1.99 for the MS/G (sensitivity 75.0%, specificity 73.3%), and 1.48 for the MS/F (sensitivity 93.8%, specificity 95.0%). Conclusion These findings may be helpful to diagnose UNE.
INTRODUCTION
Ulnar neuropathy at the elbow (UNE) is the second most common entrapment neuropathy after carpal tunnel syndrome [1] . The diagnosis of UNE is traditionally based on a patient's medical history, clinical examination, and electrodiagnostic study. However, the wide spectrum of clinical findings and many limitations of electrodiagnostic study often make the diagnosis of UNE difficult [2] [3] [4] . Many studies have shown that highresolution ultrasonography can be a valuable diagnostic modality for UNE [1, [3] [4] [5] [6] [7] , especially in entrapment neuropathies and for documenting nerve swelling proximal to sites of entrapment [3, 8] . Previous studies have compared the cross-sectional area (CSA) of the nerve at the site of entrapment with that of controls, and demonstrated that there is a difference in the CSA of the nerve between the two groups [9] [10] [11] . The CSA is the most widely accepted measurement for diagnosing entrapment neuropathies [3, 5, 6, 8] . Although there are many studies that have evaluated the CSA of the entrapped nerves, there is www.e-arm.org no definite consensus on the standard ultrasonographic measurement method and its diagnostic value in patients with UNE [4] [5] [6] [7] . Some studies have suggested considering CSAs larger than 7.5-8.3 mm 2 at the level of the epicondyle, as the threshold value for UNE [1, 7, 12] , while other researchers have suggested a cutoff point of 10 mm 2 [3, 13] . Therefore, due to variations in the reported normal range, further research is necessary for establishing a consensus. Also, in a few studies, the swelling ratio was measured by comparing the nerve size at the level of the elbow with the nerve size at another level [7, 14] . However, the usefulness of this ratio has not been confirmed, and other, more useful sites of comparison have not been evaluated. Also, the sensitivity and specificity of the swelling ratio for diagnosing UNE have not been studied. The purpose of this study was to determine the diagnostic cutoff values of the ultrasonographic measurements, and to document the diagnostic usefulness of the swelling ratio in ulnar neuropathy at the elbow.
MATERIALS AND METHODS
This study was approved by the Institutional Review Board of our institution. Thirty asymptomatic healthy volunteers who did not have any relevant diseases were recruited for the control group (15 females, 15 males) and 30 unilateral elbows were examined. A total of 25 elbows of 23 patients (9 females, 16 males), who visited our electrodiagnostic clinic from January 2012 to May 2013 and were diagnosed with UNE were included in the patient group. Patients with polyneuropathy, acute trauma, or a previous history of ulnar surgery were excluded.
Electrodiagnosis was based on the American Association of Electrodiagnostic Medicine criteria [15] , which included the presence of one of the following abnormalities: slowing of the absolute nerve conduction velocity above the elbow, a decrease in the nerve conduction velocity of more than 10 m/s across the elbow, a decrease in the amplitude of more than 20%, absence of ulnar sensory responses, or denervation in the muscles innervated by the ulnar nerve on electromyography.
Ultrasonographic examinations were performed with VOLUSON e (GE Healthcare, Waukesha, WI, USA) with a 7-12 MHz linear array transducer. During evaluation, both the patients and controls were sitting with their elbows flexed at 90° and their shoulders flexed at 60°. The forearm was fully supinated and supported by an arm rest. The examiner carefully placed the probe perpendicular to the nerve in order to minimize anisotropy. The probe was placed on the skin by applying minimum pressure and the CSA was measured. The ulnar nerve was traced from the distal to the proximal side of the arm, and the CSA was measured at several points by tracing just inside the hyperechoic rim of the nerve. Also, the examiner slightly changed the location of the probe until the smallest CSA of the nerve was obtained; where anisotropy became minimal. The CSA was measured three times at each site and the mean measurement was calculated and recorded. All ultrasonographic measurements were performed by the same operator, who had no information about the clinical and electrophysiological findings or the severity of the disease.
In the both groups, the ulnar nerve CSA was measured at the Guyon canal, midforearm (where the nerve sepa- rates from the ulnar artery), and cubital tunnel inlet. Around the cubital tunnel inlet, the maximal swelling of the ulnar nerve was measured ( Fig. 1) . To obtain the swelling ratio by using the CSA, the following ratios were calculated: the CSA of the ulnar nerve at the Guyon canal to the largest CSA at the elbow (MS/G), and the CSA at the midforearm to the largest CSA at the elbow (MS/F). In controls, instead of largest CSA at the elbow, the ulnar nerve CSA at the cubital tunnel inlet was used to calculate the swelling ratio.
Statistical analysis
Statistical analyses were performed with SPSS ver. 17 for Windows (SPSS Inc., Chicago, IL, USA). The CSA measurements and their ratios between the patients and controls were compared by means of a Mann-Whitney U test. The distribution of non-paretic variables was examined using a Mann-Whitney U test and all tests were considered significant at p-value equal or less than 0.05. A receiver operating characteristic (ROC) analysis was performed to assess the efficiency of the ultrasonographic measurements in diagnosing UNE.
RESULTS
Twenty-five elbows of 23 patients (9 females, 16 males) diagnosed with UNE and 30 elbows of 30 healthy controls (15 females, 15 males) were studied. The baseline characteristics were not significantly different between the two groups ( Table 1 ).
In the electrodiagnostic study, ulnar nerve conduction abnormalities were seen in only six elbows. Both ulnar nerve conduction abnormalities and abnormal spontaneous activities in ulnar nerve innervated muscles were seen in 19 elbows. Most patients with UNE had some degree of nerve conduction velocity (NCV) slowing (defined as <50 m/s) across the elbow, with a mean velocity 38.9±14.5 m/s. On the other hand, the mean NCV of the ulnar nerve below elbow to the wrist was 53.9±12.7 m/s. Because multiple short segment stimulation studies were not performed, the exact location of the neuropathy was not known. However, in all patients, a short segment across the elbow was used for the nerve conduction studies, so all neuropathies were within a segment of the ulnar nerve extending 4 cm distal and 6 cm proximal to the medial www.e-arm.org epicondyle.
The mean ulnar nerve CSA at the cubital tunnel inlet in the control groups was 7.5±1.3 mm 2 . The mean ulnar nerve CSA at the site of maximal swelling in patients with UNE was 12.2±4.9 mm 2 , and it showed a significant difference between the two groups. In contrast, the mean ulnar nerve CSA in Guyon canal and midforearm was not significantly different between the control and patients with UNE groups. The swelling ratios of the ulnar nerve CSA at the site of maximal swelling compared with the area of Guyon canal (2.7±1.2) and with the area at the midforearm (2.2±1.1) were significantly larger than the corresponding swelling ratios in the control group (Table 2 ). An ROC analysis was performed to compare the diagnostic sensitivity and specificity of the ultrasonographic measurements and their ratios. The CSA at MS, MS/G, and MS/F had a larger area under the curve, and the cutoff value for diagnosing UNE was 8.95 mm 2 for the CSA at MS (sensitivity 93.8%, specificity 88.3%), 1.99 for the MS/ G (sensitivity 75.0%, specificity 73.3%), and 1.48 for the MS/F (sensitivity 93.8%, specificity 95.0%) ( Table 3 , Fig. 2 ).
DISCUSSION
Ulnar neuropathy at the elbow is a common entrapment mononeuropathy and may result from trauma within the cubital tunnel during repetitive flexion [1] . The physiologic compression of the ulnar nerve within the cubital tunnel may occur because of a reduction in the volume of the tunnel whenever the elbow is flexed. Pressures within the cubital tunnel have been shown to increase 20-fold with elbow flexion and simultaneous flexor carpi ulnaris muscle contraction [16] . Also, the Osborne's fascia, which is a relatively rigid structure, might be a source of compression [16, 17] .
The diagnosis of ulnar neuropathy at the elbow usually is made by electrodiagnostic study, which has shown sensitivities ranging from 37% to 86% and specificities of 95% or greater [15] .
However, the many limitations of electrodiagnostic study often make the diagnosis of UNE difficult [2] [3] [4] . High-resolution ultrasonography can provide further information about the pathology and increase the sensitivity and specificity of electrodiagnostic testing to 78%-98% for the diagnosis of UNE [4, 18] .
The main ultrasonographic finding in UNE is focal nerve enlargement just proximal to the compression site. The CSA measurement at the site of maximal swelling has been used to improve diagnostic reliability [4, 7, 18] . However, there are some inconsistencies in the literature as to which diagnostic cutoff value of CSA for ulnar neuropathy at the elbow should be considered abnormal [19] . While some investigators suggested considering CSA > 7.5-8.3 mm 2 at the site of maximal swelling as the cutoff value [1, 7, 12] , others researchers suggested 10 mm 2 as the cutoff value for diagnosing UNE [3, 13] . In this study, ultrasonographic measurements of ulnar nerve CSA were compared between 30 elbows of healthy controls and 25 elbows of patients with UNE. There was no significant difference in the mean CSA of the ulnar nerve at the Guyon Fig. 2 . A receiver operator characteristic (ROC) curve showing the relationship between the sensitivity and specificity for each ultrasonographic parameter in the diagnosis of ulnar neuropathy at the elbow. CSA, cross-sectional area; MS, maximal swelling point; MS/G, Guyon canal-to-MS ulnar nerve area ratio; MS/F, midforearmto-MS ulnar nerve ratio. is consistent with that found in prior studies considering the lower body mass index (BMI) of the subjects in our study compared with prior studies [6, 7] . To improve the accuracy of an ultrasonographic evaluation of UNE, in addition to the largest CSA, the nerve CSA ratio can be measured [7, 14] . The effectiveness of the swelling ratio between the CSA at the site of maximal enlargement and CSA at an unaffected site was assessed in recent studies, and some authors have reported that the swelling ratio did not improve the accuracy than that was obtained by using only the CSA at a single site of swelling [6, 7, 10] . However, many demographic factors can affect the CSA measurement of the nerve, especially the patient's weight and BMI, and these factors have been reported to be significantly associated with the CSA of the nerve. Also, in cases where polyneuropathy may be present, the ratio may be a more important index than CSA for diagnosing UNE [7, [20] [21] [22] [23] .
The swelling ratios of the ulnar nerve CSA at the site of maximal swelling compared to the area of the Guyon canal (2.7±1.2) and with the area at the midforearm (2.2±1.1) were statistically significantly different than the corresponding ratios in the controls. Moreover, the sensitivity analysis showed that if an upper limit ratio of 1.48:1 for MS/F was chosen as the cutoff point, it yielded a sensitivity of 93.8% and specificity of 95.0% in our data. Therefore, the CSA ratio of the nerve may be useful in diagnosing UNE, and it may improve the diagnostic accuracy in individuals who are very thin or morbidly obese and have a borderline nerve area.
There are some limitations to this study. First, this study enrolled a relatively small number of participants, and therefore it may difficult to generalize the results. Second, the feature of ulnar nerve subluxation or dislocation was not evaluated in this study. Third, UNE can be divided into cubital tunnel syndrome and retrocondylar compression syndrome [24] . However, in our study, these two groups were not separated. Fourth, because a nerve enlargement ratio between the area of the nerve at the elbow and the area of the nerve proximally was not measured, the difference of the swelling ratio between the mid-humerus and the maximal swelling point around the cubital tunnel inlet was not known. Therefore, further study may be necessary.
In conclusion, ultrasonography may be a helpful tool to complement electrodiagnostic studies for diagnosing UNE. High-resolution ultrasound can trace the ulnar nerve from the distal to the proximal arm, and measurements can be taken at several points defined by anatomic landmarks or clinically important points. Also, it can be used to easily visualize the ulnar nerve at the elbow. The main ultrasonographic finding in UNE is focal nerve enlargement just proximal to the compression site. The CSA at that point was measured by tracing just inside the hyperechoic rim of the nerve. The CSA measurement of the ulnar nerve at the site of maximal swelling at the elbow may be used to diagnose UNE, and the CSA ratio and MS/ F may also improve the diagnostic reliability.
